Introduction
AP-1, a transcription factor composed of Fos and Jun family proteins, has been reported to play important roles in cellular growth, dierentiation, tumor formation and development (Curran and Franza, 1988; Angel and Karin, 1991) . Both family members form dimers through a leucine zipper structure: Jun family members can form low-anity homodimers and highanity heterodimers with the Fos family, whereas Fosrelated proteins do not form stable homodimers. Although these hetero-and homodimers bind to similar sites on DNA (TGACTCA, AP-1-binding sites) through the basic domains of both proteins, each dimer has a distinct transcriptional regulatory function, so that transcription can be either positively or negatively modulated Sonobe et al., 1995) . For example, when Fra-2 was transiently expressed in the mouse embryonal carcinoma cell line F9 with a 16TRE-CAT containing a single AP-1 binding site from the collagenase gene, the transactivation activity of the c-Jun homodimer was suppressed. Fra-2, however, functioned as a weak transactivator when heterodimerized with JunD .
Some of these proteins are dierentially expressed in several embryonic or adult tissues (Wilkinson et al., 1989; Smeyne et al., 1992; Foletta et al., 1994; Carrasco and Bravo 1995) , including epidermal keratinocytes (Welter and Eckert 1995; Gandarillas and Watt 1995) , brain (Britt et al., 1991) , gut (Carrasco and Bravo, 1995) and bones (Grigoriadis et al., 1995) . These observations are fragmentary as yet, but support the idea that each Fos/Jun family member plays an important role in establishing or maintaining tissue speci®city. All of the fos/jun family genes except junD (Kameda et al., 1993) can transform chicken embryo ®broblasts , and the target cell speci®city of these oncogene families in tumor formation and dysplasia in the whole animal has been reported. For example, unregulated expression of Fos proteins in adult mouse leads exclusively to formation of such neoplasias as osteosarcomas and chondrogenic tumors (Grigoriadis et al., 1995) , while ectopic expression of Fos, but no other AP-1 components, caused chondrogenic dysplasia when introduced into an entire chicken limb using replication-competentretrovirus vectors (Watanabe et al., 1997) .
To understand the function of AP-1 in organogenesis, we have analysed the expression patterns of AP-1 components in the chicken embryonic digestive tract, which is composed of epithelium derived from the endoderm and mesenchyme derived from the mesoderm. The dierentiation process in avian digestive organs has been well studied with respect to epithelialmesenchymal interactions (Yasugi and Mizuno 1981; Yasugi 1993; 1995) , and it has been demonstrated that morphogenesis and cytodierentiation, as re¯ected by markers such as embryonic chick pepsinogen (ECPg) in the glandular epithelium of proventriculus (glandular stomach) (Yasugi, 1994) and sucrase in small intestine, are often regulated by mesenchymal in¯uences. This suggests that the avian embryonic gut is an ideal system to analyse the possible roles of AP-1 in the epithelial-mesenchymal interactions.
We have analysed the expression patterns of all the known chicken members of fos family genes (c-fos and fra-2) (Fujiwara et al., 1987; Nishina et al., 1990) and jun family genes (c-jun and junD) (Nishimura and Vogt 1988; Hartl et al., 1991) during gut development and compared them with those of the Sonic hedgehog (Shh) and Indian hedgehog (Ihh) genes reported to be involved in endodermal signaling and patterning in the gastrointestinal tract (Roberts et al., 1995; Bitgood and McMahon 1995) .
Results
Distinct expression pattern of each fos/jun family gene in the gastrointestinal tract of day 9 chicken embryos We ®rst analysed the expression patterns of the c-fos, fra-2, c-jun and junD genes in the gastrointestinal organs of day 9 embryos (E9). At this stage, the gut is already subdivided into the esophagus, proventriculus, gizzard (muscular stomach), duodenum, small intestine, ceca and large intestine, and each organ is beginning to dierentiate. The transcripts were detected by in situ hybridization using speci®c anti-sense RNA probes labeled with digoxigenin. All the fos/jun family genes were detected in each digestive organ mentioned above ( Figure 1 and data not shown) and no signi®cant organ-speci®c expression was detected. Each transcript was distributed in speci®c regions of epithelium or mesenchyme in each organ, but their distributions did not show clear anterior-posterior heterogeneity, as described below.
c-fos was expressed throughout the digestive tract (esophagus, proventriculus, gizzard, small intestine, ceca and large intestine) at similar levels, and sections showed ubiquitous expression in both epithelium and mesenchyme (Figure 1 ). fra-2 showed strong expression in proventriculus and gizzard, and slightly lesser expression in all the other organs. In all transverse sections, fra-2 transcript was clearly detected in epithelial cells, while mesenchymal cells showed only a marginal level of fra-2 expression. The only exception was the dierentiated proventriculus; glandular epithelium, which expressed fra-2 at only a marginal level, while high-level expression of fra-2 transcript was detected exclusively in luminal epithelium (Figure 1 ). c-jun was also expressed in all gastrointestinal organs, with regions of high-level expression in the entire epithelium and precursors of smooth muscle in the mesenchyme. Interestingly, c-jun expression in the proventriculus was highest in the glandular epithelium, but a lower level of expression persisted in luminal epithelium, in contrast to the case of fra-2 ( Figure 1 ). junD transcripts were detected in all gastrointestinal organs and high levels of expression were detected in epithelium independently of the anterior-posterior axis. junD transcript was also detected in smooth muscle cell precursors in the mesenchyme to a lesser extent. In the dierentiated proventriculus, both the glandular and lumenal epithelium expressed junD (Figure 1 ).
Expression patterns of fos/jun family genes in earlier and later developmental stages
To examine when distinct localization of each transcript is established in the digestive tract during development and to compare the expression levels with those in other tissues, we analysed serial sections of the entire embryo of E4.5, at which time the anterior and caudal intestinal portals had already met and fused at the yolk stalk to form the tubular structure. In the sections containing the gizzard, which formed tubular structure around E2 (Figure 2a ), c-fos transcript was detected in both epithelium and mesenchyme of gizzard at low levels, while the highest expression was detected in liver cells and the neural tube, as found previously in mouse embryos by using in situ hybridization with 35 Slabeled probes (Caubet, 1989) . High-level expression of fra-2 was limited to the epithelium of gizzard in a serial section (Figure 3 ). c-jun expression is most prominent at motor neurons of the neural tube or at the ganglion as reported previously in fetal mouse (Wilkinson et al., 1989) . Both epithelium and mesenchyme of gizzard express c-jun at medium levels. junD is expressed at high levels in the neural tube (the ventricular zone and motor neurons), ganglion and epithelium of gizzard and at lesser levels in the mesenchyme of several organs, including gizzard (Figure 3 ). These results indicate that the distinct expression patterns of all the fos/jun family genes observed in E9 were established as early as E4.5, at least in the foregut.
We next analysed sections containing small intestine ( Figure 3 ) and large intestine (data not shown), which form tubular structure around E4.0. Only marginal fra-2 expression was detected, however, either in the epithelial cells or in the mesenchyme of the small intestine. junD was weakly expressed in both the epithelium and mesenchyme in this period (Figure 3 ). c-fos and c-jun were expressed in both the epithelium and mesenchyme of the small or large intestine (data not shown). High-level expression of fra-2 and junD in the epithelium of the small intestine or large intestine became detectable as early as E6 (Figure 2b ). In summary, each fos/jun family gene established a unique and distinct expression pattern about 2 days after the formation of tubular structure.
To examine how long speci®c expression patterns are maintained, we next analysed digestive organs of E11 and E13. In the esophagus, gizzard, small intestine and large intestine, the distinct distributions of c-fos, fra-2, cjun and junD transcripts observed in E9 (Figure 1) were maintained through to at least E13 (Figure 2b and Figure  3 , data not shown). These observations suggest that each of the AP-1 components plays a distinct role in establishing and maintaining characteristics of the epithelium and mesenchyme in the digestive tract.
Since the epithelium of the dierentiated proventriculus showed a unique expression pattern of fos/jun family genes (Figure 1) , we analysed how this distinct expression pattern was established or maintained. The invagination of the proventricular epithelium starts at E6.5, and glands elongate without branching until E9 (Figure 1) . After this period, expression of enzyme markers of glandular epithelium, such as embryonic chicken pepsinogen (ECPg), becomes detectable . Beginning at E10, the glandular epithelium gradually starts to form compound glands by repetitive branching, while the luminal epithelium dierentiates into villus-like structures beginning Figure 1 around E14. As shown in Figure 2c , at E6 all the proventricular epithelium with simple tubular structure expressed both fra-2 and c-jun at high levels. At E9, fra-2 expression was lost in the invaginated epithelium, but persisted in the luminal epithelium, as already mentioned (Figure 1 ). In contrast, expression of c-jun continued in the whole epithelium of proventriculus, although high-level expression was mostly localized at the invaginated epithelium (Figure 1 ). These dierential patterns of fra-2 and c-jun expression were maintained at later stages of development such as E11 and E15, when the active branching of glandular epithelium takes place (Figure 2c) .
Comparison of the expression patterns of the fra-2 and junD genes with those of the segment polarity genes
The rather distinct expression of fra-2 and c-jun in epithelium prompted us to compare the expression patterns with those of the segment polarity genes. Among them, we are especially interested in the Sonic hedgehog gene, because it has been reported to be involved in induction and patterning in mouse (Bitgood and McMahon, 1995) and chicken digestive tract (Roberts et al., 1995; Narita et al., 1998) . Expression of Shh is known to start before tubular structure formation in epithelium of both foregut and hindgut (Roberts et al., 1995) . Shh functions as an endodermal signal which induces Ptc, Gli and Bmps in mesenchymal cells, and these genes form the inductive network between epithelium and mesenchyme of the digestive tract. Indian hedgehog (Ihh), another member of the hedgehog gene family, has also been reported to be expressed in mouse digestive tract in a unique manner that partly overlaps with to that of Shh (Bitgood and McMahon, 1995) .
Therefore we compared the expression patterns of fra-2 and junD genes with those of Shh and Ihh in the entire digestive tract of E6, E9, E11 and E13 chicken embryos using serial sections. Shh was expressed exclusively in the epithelium, except in the glandular epithelium of dierentiated proventriculus, as reported previously (Roberts et al., 1995; Narita et al., 1998) , showing a pattern very similar to that of fra-2 ( Figure  3 , and data not shown). Ihh was expressed at high levels in the epithelium of the entire digestive tract, including the glandular epithelium of proventriculus, and to a lesser extent in mesenchymal cells thought to be precursors of smooth muscle. The overall Ihh expression pattern in the digestive tract showed striking similarity to that of junD (Figure 3) . As shown in the case of small intestine in E4.5 (Figure 3) , however, both Shh and Ihh were expressed from an earlier stage than fra-2 or junD.
Discussion
We have analysed the transcription patterns of c-fos, fra-2, c-jun and junD genes in the entire digestive tract of chicken embryo from E4.5 to E15, using in situ hybridization. By these RNA probes used here, strong signals were detectable in the limbs ecotropically expressing the corresponding gene by retrovirus virus vectors (Materials and methods). In the transverse sections of E4.5, either c-fos or c-jun probe detected speci®c tissues, respectively which were previously shown to express them in the mouse embryo using 35 S-labeled RNA probes (Caubet, 1989; Wilkinson et al., 1989) , further con®rming the speci®city of the probes. Our preliminary immunohistochemical analysis using an anti-c-Jun antiserum showed high levels expression in motor neurons and the ganglion, while both the epithelium and mesenchyme of gizzard expressed c-Jun at a lesser extent (our unpublished observation). This pattern of c-Jun protein expression is similar to that of c-jun transcript described here. Comprehensive immunohistochemical analysis, however, was not possible at this moment because the signals were much weaker than those of in situ hybridization.
Each RNA transcript was distributed in speci®c regions of epithelium or mesenchyme in each digestive organ. It is noteworthy that the expression patterns of these fos/jun family genes in the whole tracts are independent of the anterior-posterior axis at all stages from E6 to E13. These results suggest that AP-1 does not play a central role in gastrointestinal tract regionalization, but rather has important functions concerned with the epithelial-mesenchymal interactions. fra-2 and junD are unique in that they are expressed in the epithelium of the entire tract at high levels. Further, junD is expressed in all the domains where fra-2 is expressed. Especially in the luminal epithelium of the dierentiated proventriculus, Fra-2 is expected to be present primarily as Fra-2/JunD dimers rather than as Fra-2/c-Jun dimers. Fra-2/JunD heterodimer was previously shown to be a transactivator through the AP-1 binding site located in the collagenase gene, while the Fra-2/c-Jun heterodimer SI/CE E13 Figure 3 Similarity of expression patterns of fra-2 and Sonic hedgehog (Shh) and of junD and Indian hedgehog (Ihh). Serial sections were analysed by in situ hybridization and observed under light microscope. Gizzard at E4.5 (GZ, E4.5) (the same sections shown in Figure 2a for fra-2 and junD), small intestine at E4.5 (SI, E4.5), gizzard at E6 (GZ, E6), esophagus at E9 (ES, E9), proventriculus at E9 (PV, E9) and small intestine (the upper part of the panel) and ceca at E13 (LI⋅CE, E13). The bar indicates 200 mm has lower transactivating activity than the c-Jun homodimer . The heterodimer formation between Fra-2 and JunD has been reported to be important in several cellular systems, such as osteoblasts (McCabe et al., 1996) and myelomas (Rezzonico, 1995) . In the invaginating glandular epithelium of the proventriculus, expression of some other genes such as GK19 keratin (Sato and Yasugi, 1997) , and Shh (Figure 3 , Narita et al., 1998) disappeared, like that of fra-2. Thus the glandular epithelium comprises a particular subset of gut epithelium and Fra-2/JunD heterodimers might play important roles in its function. It is worth pointing out that mouse fra-2, like chicken fra-2, was detected at high levels in distinct regions of the epithelium (mostly luminal or corni®ed epithelium) in the embryonic stomach (Carasco and Bravo 1995) . These expression patterns of fra-2 and junD were established around E4 in foregut or around E6 in hindgut, i.e., about 2 days after the formation of tubular structure. On the other hand, the Shh and Ihh genes, which show quite similar expression patterns to those of fra-2 and junD, respectively, in all the stages from E6 to E13, were established from an earlier stage (Figure 3 ). It has been reported that the expression patterns of these segment polarity genes are established before the formation of the tubular structure. These results suggest that expression of fra-2 or jun-D in gastrointestinal epithelium might be under the direct or indirect control of these segment polarity genes.
Materials and methods

Embryos
Chicken embryos were obtained by incubation of fertilized C/O eggs (Line M, Nisseiken, Tokyo) and were staged according to Hamburger and Hamilton (1951) .
Plasmid construction
Template DNAs for the chicken c-fos, fra-2 and junD riboprobes were prepared as follows: The 0.95 kbp PstIClaI fragment, which contains most of exon 4 and the 3' non-coding region of the chicken genomic c-fos gene (Fujiwara et al., 1987) , was cloned into the PstI-ClaI sites of pBluescript SK + to generate pBS-c-fos (chicken). The 0.98 kbp EcoRV fragment of pDS-fra-2, which contains the entire chicken fra-2 cDNA, was cloned into the EcoRV site of pBluescript SK + to generate pBS-fra-2 (chicken). The 0.27 kbp ClaI-BglII fragment which contains the 3' end of the chicken junD cDNA was cloned into the ClaI-BamHI sites of pBluescript SK + to generate pBS-junD (chicken).
Probe preparation
Digoxigenin-labeled probes for in situ hybridization were synthesized from linearized plasmids using a DIG RNA Labeling Kit (Boehringer Mannheim). To synthesize the cfos and c-jun antisense riboprobes, pBS-c-fos and pjunRPA were linearized with BamHI and HindIII, respectively and transcribed by T7 RNA polymerase. To synthesize the fra-2 and junD antisense riboprobes, pBS-fra-2 (chicken) and pBS-junD (chicken) were linearized with HindIII and SacI, respectively and transcribed by T3 RNA polymerase. To synthesize the Shh and Ihh antisense riboprobes, pBS-Shh (chicken) and pBSIhh (chicken) were linearized with HindIII and EcoRI, respectively and transcribed by T3 RNA polymerase. To check whether these probes could eciently detect the corresponding transcripts, chicken presumptive right limbs were microinjected with viruses carrying c-fos, fra-2, c-jun or junD as described previously (Watanabe et al., 1997) and the left and right limbs were ®xed 5 days after infection and examined by in situ hybridization using the corresponding probes. Each of the probes gave a stronger signal in the right legs than in the control left legs.
In situ hybridization of frozen sections Dissected tissues were ®xed overnight in 4% paraformaldehyde in PBS at 48C, transferred to 30% sucrose in PBS, embedded in O.C.T. compound (Miles) and sectioned at 12 mm on a cryostat. Sections were mounted on Vectabond (vector)-treated slides and immediately dried with hot air from a hair dryer.
Sections on slides were rehydrated in PBS containing 0.1% Tween-20 (PBT) for 5 min and treated with 1 mg/ml Proteinase K at 378C for 5 min. They were washed three times with PBT for 1 min, then re®xed in 4% paraformaldehyde in PBS at room temperature for 20 min, and washed twice with PBT for 1 min. Hybridization was performed overnight using a digoxigenin-labeled antisense RNA in hybridization buer (50% formamide, 56SSC (pH 4.5), 50 mg/ml tRNA, 1% SDS, 50 mg/ml heparin) at 708C.
The sections were washed twice with 50% formamide, 56SSC (pH 4.5), 1% SDS at 658C for 30 min and three times with 50% formamide, 26SSC (pH 4.5) at 658C for 30 min. After treatment with 0.5% blocking reagent (Boehringer Mannheim) in Tris-buered saline containing 0.1% Tween-20 (TBST) at room temperature for 60 min, the sections were incubated overnight at 48C in preabsorbed antidigoxigenin-alkaline phosphatase antibody diluted to 1/4000 with 0.125% blocking reagent, 1.0% heat-inactivated goat serum in TBST.
Sections were washed three times with TBST in 2 mM levamisole for 20 min and with alkaline phosphatase buer (100 mM NaCl, 50 mM MgCl 2 , 100 mM Tris-Cl (pH 9.5), 0.1% Tween-20, 20 mM levamisole) for 5 min. The color reaction was performed with 125 ml of alkaline phosphatase buer including 2.2 mg of 5-bromo-4-chloro-3-indolylphosphate-p-toluidine salt and 3.3 mg of Nitro blue tetrazolium at room temperature in the dark. The color reaction was stopped by adding TE. The sections were mounted in Entellan (Merck) and photographed through a Nomarski's dierential interference microscope to visualize non-stained tissue or a usual microscope (Nikon Labophoto-2).
